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Solid state spot joining of sheet materials
using consumable bit
M. P. Miles*1, K. Kohkonen1, S. Packer2, R. Steel2, B. Siemssen1 and Y. S. Sato3
A new spot joining technology relying on a consumable joining bit has been developed and
evaluated on dual phase (DP) 980 steel and a dissimilar combination of aluminium alloy 5754-O
and DP 980. This new process, called friction bit joining (FBJ), uses a consumable bit to create a
solid state joint in sheet materials by the action of cutting and frictional bonding. FBJ lap shear
fracture loads were 14?7 kN for 1?4 mm DP 980 compared to 16?6 kN for RSW, for the same spot
diameters. FBJ of a dissimilar combination of aluminium alloy 5754-O and DP 980 produced joints
with average lap shear fracture load of 6?3 kN. This strength is greater than lap shear fracture load
obtained by self-piercing riveting (SPR) in HSLA 350 bonded to AA 5754-O.
Keywords: Spot joining, UHSS, Aluminium
Introduction
Spot welding of automotive sheet metal has become
more complex in recent years, with growing use of
ultrahigh strength steel (UHSS) and light metals in the
fabrication of automotive structures. Applications of
these materials are being developed by automakers in an
effort to reduce vehicle weight. The use of these
materials presents challenges of formability and weld-
ability, because UHSS has lower ductility and greater
alloy content than lower strength steels and because
light metals cannot easily be joined to UHSS using
traditional resistance spot welding (RSW).
For example, UHSS can experience weld property
degradation when joined by RSW.1–3 Resistance spot
welds in UHSS, and especially those with tensile
strengths above 800 MPa, can be brittle. These brittle
welds can exhibit interfacial failure modes under impact
loading conditions, resulting in relatively low impact
resistance compared to lower strength steels. In addi-
tion, resistance spot welds in UHSS are prone to
cracking, caused by brittle microstructures in the weld
region which are essentially fully martensitic. These
brittle microstructure phases present concerns of hydro-
gen induced cracking which could reduce the durability
of a vehicle. Weld property degradation associated with
RSW in UHSS is a barrier to widespread use of UHSS
in the automotive industry.
Spot friction welding (SFW) is an alternate process
that was developed initially to overcome some of the
difficulties and expense of spot joining aluminium
sheets.4 This process can also be applied to spot joining
of steel, although the tool material must be wear and
heat resistant to hold up under repeated welding cycles.
Polycrystalline cubic boron nitride tools have been
employed for SFW of high strength steel, with reason-
ably good results.5 However, mechanical strength levels
in lap shear and cross-tension testing are much lower
than those produced by RSW.6
Spot joining of dissimilar alloys, like aluminium to
steel, has been tried using various methods. While fusion
spot joining of aluminium and steel is not normally
feasible, some attempts have been made to introduce a
sheet of aluminium clad steel at the interface, thereby
creating a material layer compatible with both alloys.7,8
Results provided reasonably good strengths, but lower
energy absorption than self-piercing rivets. SFW was
used to join a 6061 aluminium alloy sheet and a
galvanised mild steel sheet, where the material thick-
nesses were y1 mm and where various coating proper-
ties of the mild steel sheet were evaluated.9 The best lap
shear tension result obtained using SFW for these
materials was about 4 kN. Mechanical joining, by self-
piercing riveting (SPR), is another method that has been
used for joining aluminium, steel, steel/aluminium
dissimilar combinations and multiple layers of alumi-
nium and steel.10,11 This method has the advantage of
avoiding problems of metallurgical incompatibility when
joining dissimilar alloys and has been shown to produce
good performance in fatigue, equal to or better than
RSW when comparing similar alloy joints. One limita-
tion of this method is seen when joining thick materials
or UHSS, because the material interlocking created by
SPR may not be sufficient for good joint strength.12
In order to address some of the difficulties of spot
joining UHSS and of dissimilar combinations of UHSS
and aluminium, a new concept is introduced in this
paper, where a consumable joining bit is applied to the
joining of sheet materials. The sheets may have different
thicknesses and be composed of different alloys. This
concept relies on a cutting procedure, where the bit cuts
through the top layer (or layers) of material, followed by
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a joining operation where the bit and surrounding sheet
materials are heated by friction and where the bit
becomes filler material that joins the sheets together. The
objective of developing this new process is to enable the
joining of steels, light metals, and combinations of steels
and light metals or other materials, for production of
automotive or other structures. As will be described in
the section on ‘Results’ of this paper, process cycle time
was y5 s, longer than the cycle time for RSW, which is
typically of the order of 1 s, depending on the alloy.13,14
The 1 s cycle time includes more than weld time, which
is usually y20 cycles. There is also typically a squeeze
time before welding and hold time after welding, adding
up to about 1 s of total process cycle time.
Experimental
Spot welding was carried out using the new friction bit
joining (FBJ) process and traditional RSW. Spot joints
made using these two methods were evaluated mechani-
cally by lap shear and cross-tension testing. For
dissimilar alloy joints of aluminium and steel, the FBJ
results were compared to data from the literature.
Details of the experimental procedures are described in
this section.
FBJ spot experiments
The FBJ process relies on a consumable joining bit to
cut and then friction join sheet materials (the process is
patent pending). A generalised illustration of how the
process works is shown in Fig. 1.
This joining process was carried out in two main
steps: a cutting step and a joining step. For the results
presented in this paper, the joining bit was rotated at a
relatively slow speed (300–800 rev min21) during the
cutting phase, where the bit cut through the top layer of
the two sheets to be joined. After cutting through the top
sheet, the rotation speed of the bit was increased to
generate heat and to facilitate bonding of the bit to both
sheets (1000–1600 rev min21). At the lower levels of
rev min21, the bit is able to maintain its cutting edge,
while at higher levels of rev min21, the heat from friction
softens the bit material and the cutting edge is smoothed
over as it bonds with the steel sheet. In terms of feedrates,
the joining bit was plunged into the sheet at rates that
varied from 25 to 150 mm min21, where again the lower
plunge rate typically occurred during the cutting phase
and the higher rate occurred during the joining phase. At
the end of the joining process, the spindle of the welding
machine was stopped very rapidly (within 25 ms) and then
restarted to separate the joining bit from the weld. A
picture of the C frame welding machine used for
experimentation is shown in Fig. 2.
DP 980 steel sheets of 1?4 mm gauge were joined using
this new method. DP 980 is a UHSS with applications in
automotive structures, having a microstructure com-
posed of about 40% ferrite and 60% martensite, with an
ultimate tensile strength (UTS) of y980 MPa. The bit
used for joining DP 980 was made of D2 tool steel, heat
treated to a hardness of y63 HRC. This material was
used after initial trials with alloy 4140, heat treated to a
hardness of y55 HRC.
In addition to joining DP 980 steel, the FBJ process
was used to create dissimilar alloy joints of AA 5754-O
and DP 980. AA 5754-O had UTS of y230 MPa,
making it much softer than the DP 980. This combina-
tion of alloys would likely pose problems for SPR, where
deformation of the DP 980 material by the rivet would
be very difficult. For the aluminium/steel joints, a 4140
alloy was used for the joining bit, with a hardness of
y30 HRC. When joining aluminium and steel, the
softer aluminium alloy is placed on top, and the 4140 bit
cuts through this top surface before bonding to the steel
underneath.
RSW experiments
Resistance spot welded specimens were compared to the
FBJ joints. The RSW of the DP 980 material was carried
out at 6?7 kA, with a clamping force of 4?9 kN and a
cap diameter of 6 mm. The welding process employed
a squeeze time of 25 cycles, a weld time of 17 cycles and
a hold time of five cycles.
a cutting step; b joining step; c rapid stop of the spindle
1 Schematic illustrations of friction bit joining process
2 C frame welding machine used for FBJ experiments
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Mechanical testing
The strength of the welded joints was evaluated using
lap shear and cross-tension testing. Lap shear testing
was carried out on specimens that were 25?4 mm in
width and 101?2 mm in length, with a 25?4 mm overlap
in the joint area. Welds were produced in the centre of
the overlap area. Spacers were used to ensure that the
specimen was centred along the tensile axis in the test
frame.
Cross-tension specimens were 50?8 mm wide and
101?4 mm long and overlapped in the centre. The
experimental set-up for testing spots welds in the
cross-tension configuration is shown in Fig. 3.
Results and discussion
Spot joining of UHSS
FBJ development initially focused on spot joining of
UHSS, and in particular of joining 1?4 mm DP 980
sheets, where several bit materials and cutting profile
designs were evaluated for strength and cycle time
performance. The bit material must be hard enough to
perform the initial cutting operation, which depends on
the materials to be joined. In the case of DP 980 steel,
4140 alloy steel and D2 steels were tried. The bits that
were fabricated using alloy 4140 were heat treated to a
hardness of 52–54 HRC, which resulted in a long cutting
operation of 35 s, to avoid dulling the bit. This was
followed by a joining operation of y5 s, for a total cycle
time of 40 s. This is far too slow to be considered for
production, as the typical cycle time for RSW is y1 s, as
discussed in the section no ‘Introduction’. The average
lap shear fracture strength, for five specimens, obtained
with this bit on 1?4 mm DP 980, was y10 kN. Further
development was carried out using D2 steel for bit
fabrication. These bits were heat treated to a hardness of
62–64 RHC. This allowed for much faster cutting and
joining, resulting in cycle times of y5 s, as well as
improved lap shear strength of 14?6 kN, as an average
of five specimens. Cross-sections of a resistance spot
welded joint and a spot friction welded joint are shown
in Fig. 4.
The microstructure of the friction bit joint is shown in
Fig. 5.
a friction bit joint; b resistance spot joint
4 Comparison of spot joints in 1?4 mm DP 980: a cross-
section of joint produced by FBJ with D2 steel bit,
where spot diameter is y6 mm; at joint interface, mix-
ing of DP 980 and D2 is seen, where bands of D2 (dar-
ker material) and DP 980 alternate; for comparison,
RSW joint is shown in b for same material, where
approximate spot diameter of joint is also 6 mm
3 Experimental fixtures for pulling cross-tension speci-
mens in test frame
a macroview of bonding interface; b microview of area indicated by box in a, where lighter alloy is DP 980 and darker
material is bit material (D2 tool steel)
5 Micrographs of banded structure in joint: note that material which appears dark in optical micrograph in a appears
light in SEM image shown in b
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Alternating bands consisting of the DP 980 steel and
the D2 bit material were formed at the bonding
interface. A view of the bands, marked by a black
rectangle in Fig. 5a, is magnified in Fig. 5b. Here the
martensite structure is clearly observed in the band of
the DP 980 steel. Metallurgical bonding between the DP
980 and the D2 bit material was achieved with no visible
cracks or flaws in the joint.
The vertical load on the spindle was relatively stable
at y11 kN for the FBJ trials that were carried out on
DP 980 steel. This compares to 8 kN for RSW. FBJ
welding parameters used during this particular trial are
shown in Table 1.
These process conditions were selected after a series of
experiments, during which the cutting speed was varied
from 400 to 800 rev min21, and the joining speed was
varied from 1000 to 2000 rev min21. The chosen
parameters are not necessarily optimised, but were used
because they produced the highest lap shear and cross-
tension fracture loads during the experiments that were
conducted.
Lap shear tension testing was carried out on all
specimens. In order to compare these results, the bonded
areas for each joint were determined by measuring spot
diameters from fractured specimens, where an average
of two diameters 90u apart was taken on each sample.
The FBJ and RSW results were compared directly,
because the weld bond areas were 28 mm2 in each case.
Lap shear fracture loads were 14?7 kN for FBJ and
16?6 kN for RSW, as an average of five specimens.
Cross tension fracture loads were 8?2 kN for FBJ and
9?4 kN for RSW, as an average of five specimens. When
the loads were divided by the bond area of 28 mm2, the
authors obtained fracture stresses, as shown in Fig. 6 for
FBJ and RSW.
Joining of aluminium and steel
While FBJ has been applied to spot joining of UHSS, it
may have more potential in joining of dissimilar alloys
like aluminium and steel. As stated in the section on
‘Introduction’, various methods have been tried in
joining of aluminium and steel sheets for automotive
structures. Resistance spot welding with a layer of
compatible material at the interface, SFW of galvanised
steel and aluminium and SPR of aluminium and mild
steel are all examples. One particular advantage of the
present process, especially in comparison to SPR, is its
ability to join a very hard material to a softer material.
As an example, 1?8 mm aluminium alloy 5754 was
joined to 1?4 mm DP 980. A cross-section and top view
of the Al/steel joint is shown in Fig. 7.
The bonded interface between the 4140 joining bit and
the DP 980 sheet is the main source of strength in the
a lap shear fracture stress; b cross-tension fracture stress
6 Comparison of a lap shear fracture stress and b cross-tension fracture stress for FBJ and RSW: bonded areas in both
FBJ and RSW joints were same, at y28 mm2
7 Macrocross-section of AA 5754 (top layer) joined to DP
980 (bottom layer): steel 4140 bit was used in joining
process
8 Failed lap shear joint: fracture has occurred in alumi-
nium, around joining bit, but no fractures occurred at
interface between joining bit and DP 980 steel coupon;
visible portion of joining bit (which is larger than weld
diameter of 6 mm) is y8 mm
Table 1 FBJ welding parameters used for joining DP 980
steel
Cutting speed, rev min21 725
Cutting feedrate, mm min21 100
Joining speed, rev min21 1200
Joining feedrate, mm min21 150
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joint, because the joint always failed in the aluminium
coupon during lap shear tension testing, as shown in
Fig. 8.
However, in a cross-tension test, the failure does occur
at the interface. The fracture is not flat, which would
indicate a pure interfacial failure. Instead, the surface
shows that the joining bit itself has failed, with portions
of the joining bit remaining bonded to both the AA 5754
coupon and to the DP 980 coupon after testing. An
image of a failed cross-tension sample is seen in Fig. 9.
Average lap shear values for the aluminium/steel joint
averaged 6?3 kN for 10 samples. The cross-tension
strength averaged 2?5 kN. These results were obtained
using a cutting speed of 300 rev min21, a joining speed
of 1000 rev min21 and a process cycle time of y5 s.
This joint strength was achieved with a vertical load on
the spindle of 6?7 kN, as an average value over 10
samples. Individual strengths for lap shear and cross-
tension specimens are shown in Table 2.
There is not a direct comparison, using a different
joining technology, of this particular dissimilar alloy
joint available in literature. However, there have been
SPR experiments performed on dissimilar combinations
of HSLA 350 and AA 5754 which can provide a basis
for comparison, especially because the weaker material
is the same in both joints. In order to effectively
compare these two joints, the bond areas must be
known, because bond area affects the strength of the
joint. For SPR, an effective area can be estimated by
considering the rivet geometry, material thickness, and
failure mode (rivet head pullout or a rivet tail pullout).12
The bond area for the FBJ joints was determined by
optical measurement of the fracture surface across two
diameters of the weld, 90u apart. SPR results can be
found in Ref. 12 for a joint composed of 1?6 mm HSLA
350 and 2?0 mm AA 5754-O. These material thicknesses
are slightly greater than those of the joints presented in
this paper, which were 1?4 mm DP 980 and 1?8 mm
AA 5754. But as stated before, the weaker materials are
the same alloy of similar gauge, so joint strengths were
compared using bond areas. The lap shear failure loads
and failure stresses are shown in Fig. 10, where the
failure stress was computed as the failure load divided
by the bond area.
The failure mode for FBJ was a fracture of the
AA 5754-O material around the joining bit (Fig. 8).
Failures in the SPR joint occurred by head pullout
through the AA 5754-O material.12 FBJ fracture stress is
seen to more than twice that of SPR in lap shear for
9 Typical cross-tension failure where joint itself has frac-
tured: bit material is bonded to both AA 5754 sheet
and to DP 980 sheet, therefore, this fracture occurred
within bit material itself, which was link between two
sheets
Table 2 Lap shear and cross-tension fracture loads for
spot joints of 1?8 mm AA 5754 and 1?4 mm DP
980: 10 consecutive specimens were joined and
then tested
Sample
Lap shear
fracture load, N
Cross-tension
fracture load, N
1 6243 3155
2 6679 2256
3 6626 2541
4 6319 3124
5 6052 2933
6 6533 2123
7 6097 2488
8 5883 2483
9 6283 1833
10 6555 2265
Average 6327 2520
SD 267 435
10 a fracture load and b fracture stress for FBJ and SPR joints: bond area for FBJ was 28 mm2 while for SPR, effective
bond area was 47 mm2; in both cases, weak material in joint was AA 5754, where failure occurred during lap shear
testing
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these joints, with failures in both cases occurring in the
weaker AA 5754-O component of the joint assembly.
Summary and conclusions
A new process for spot welding of sheet materials,
employing a consumable joining bit, was evaluated by
producing spot welds in 1?4 mm DP 980 steel, and in
dissimilar combinations of 1?4 mm DP 980 and 1?8 mm
AA 5754-O. The lap shear fracture loads for FBJ welds
in DP 980 averaged 14?8 kN, approaching the strength
of RSW joints in the same material (16?6 kN), where
bond areas in both cases were y28 mm2. Cross-tension
fracture loads were 8?2 kN for FBJ welds and 9?4 kN
for RSW welds.
The FBJ process was also used to produce dissimilar
alloy joints of 1?4 mm DP 980 and 1?8 mm AA 5754-O.
Lap shear fracture loads averaged 6?3 kN, while cross-
tension fracture loads averaged 2?5 kN. A comparison
of these FBJ results with some SPR data from the
literature on joints of 1?6 mm HSLA 350 and 2?0 mm
AA 5754-O showed that FBJ joints supported more
than twice the lap shear fracture stress of the SPR joints,
where failures in both types of joints occurred in the
weaker AA 5754-O component of the joint assembly.
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